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The genome of the sea urchin Lytechinus pictus includes genes encoding four cytoskeletal actins LpC1±4 and the muscle
actin LpM. Gene-speci®c probes corresponding to 3 * noncoding termini have been used to characterize their patterns of
expression by in situ hybridization. The gene encoding LpC1 actin, which is most similar in sequence to the Strongylocen-
trotus purpuratus CyI actin, has a complex developmental pro®le of expression. LpC1 transcripts become prominent in
the archenteron and secondary mesenchyme cells of embryos, as well as in adult testis and ovary. The LpC2 actin gene is
predominantly expressed in aboral ectoderm of embryos, similarly to the pattern of expression of its closest relatives in
S. purpuratus, the SpCyIIIa and SpCyIIIb actin genes. The LpC3 actin gene is expressed at low levels in secondary
mesenchyme cells. The LpC4 actin gene is expressed in a subset of primary mesenchyme cells which may be actively
engaged in skeletogenesis. Transcripts of the LpM gene accumulate in esophageal muscle cells beginning during
gastrulation before overt differentiation. Each of the L. pictus actin genes has a distinct pattern of expression, none of
which is identical to that of any S. purpuratus actin gene. These results indicate that the regulation of expression of
members of the actin gene family, even those likely to have common ancestors, has diverged as these sea urchin species
diverged. q 1996 Academic Press, Inc.
INTRODUCTION Franks et al., 1988, 1990; Collura and Katula, 1992; Nie-
meyer and Flytzanis, 1993). Several proteins which bind to
these elements have been characterized and appear to actThe actin gene family of the sea urchin Strongylocentro-
as transcription factors involved in temporal and spatialtus purpuratus has been extensively characterized (Cooper
regulation of expression of actin genes (Calzone et al., 1988,and Crain, 1982; Lee et al., 1984; Akhurst et al., 1987; Minor
1991; Theze, 1990; Hoog et al., 1991; Coffman and David-et al., 1987; Durica et al., 1988). The temporal (Crain et al.,
son, 1992; Ganster et al., 1992; Niemeyer and Flytzanis,1981; Lee et al., 1986; Crain, 1988) and spatial (Cox et al.,
1993; Wang et al., 1995; Zeller et al., 1995).1986) patterns of expression of the ®ve active cytoskeletal
We are interested in differential gene regulation in Ly-and single muscle actin genes indicate they are differen-
techinus pictus embryos and the evolution of gene familiestially regulated during embryogenesis. The patterns of ex-
and regulatory mechanisms in sea urchins. We have clonedpression of actin genes have helped de®ne ®ve spatial terri-
and characterized the sequences of ®ve L. pictus genes actintories of differential gene activity clonally derived from sets
genes. The deduced amino acid sequences indicate that theof founder cells established during early cleavage of S. pur-
four L. pictus actins LpC1±LpC4 have a cytoskeletal func-puratus embryos (Cameron et al., 1987, 1991; Davidson,
tion (Fang and Brandhorst, 1994). LpC1 actin is very similar1989). Cis-acting regulatory elements of several of these
to SpCyI actin of S. purpuratus, while the LpC2 actin isactin genes have been analyzed using actin promoter±re-
very similar to the SpCyIIIa,b pair of S. purpuratus actins.porter fusion genes in transgenic embryos (Flytzanis et al.,
The single muscle actin genes SpM of S. purpuratus and1989; Hough-Evans et al., 1987, 1990; Katula et al., 1987;
LpM of L. pictus are orthologous (Fang and Brandhorst,
1994).
We report on the use of gene-speci®c hybridization probes1 Present address: Department of Zoology, University of Toronto,
to characterize the temporal and spatial patterns of expres-ON, M5S 1A1 Canada.
sion of L. pictus actin genes in embryos. All ®ve L. pictus2 To whom correspondence should be addressed. Fax: 604-291-
5583; e-mail: brandhor@sfu.ca. actin genes are expressed in embryos, each having a distinc-
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tive pattern. None of these actin genes has a pattern of DNA Sequencing
expression strictly identical to any S. purpuratus actin gene, Manual DNA sequencing was done by the dideoxy chain
though there are interesting similarities, particularly among termination method (Sanger et al., 1977) using a Sequenase
genes encoding actins having similar sequences. kit (US Biochemicals). Automated DNA sequencing was
performed using the Taq Dye Primer Cycle Sequencing kit
(ABI). The L. pictus actin DNA sequences have been depos-
MATERIALS AND METHODS ited with the GenBank Data Library under Accession Nos.
UO9651±UO9658.
Cultures of Embryos
Adult L. pictus were purchased from Marinus (Long Whole Mount in Situ Hybridizations
Beach, CA). Cultures of embryos were prepared and raised
Whole mount in situ hybridizations were performed asin arti®cial seawater at 157C with stirring at 60 rpm as
described by Harkey and Whiteley (1992) and Lepage et al.described by Klein et al. (1987).
(1992) with modi®cations. Brie¯y, ®xed and dehydrated em-
bryos were extracted with toluene for 5±10 min. Rehy-
Actin Gene-Speci®c Hybridization Probes drated embryos were digested for 10 min with proteinase K
(30±40 mg/ml for blastula and gastrula stages; 20 mg/mlDNA clones corresponding to ®ve different L. pictus actin
for prism and pluteus stages) and post®xed in fresh 4% form-genes have been sequenced (Fang and Brandhorst, 1994).
aldehyde for 30 min. Riboprobes (1±10 ng/ml) labeled withBased on sequence comparisons, gene-speci®c hybridization
digoxygenin were hybridized at 457 or 507C overnight in aprobes corresponding to 3 * noncoding sequences speci®c for
solution consisting of 50% formamide, 51 SSC, 50 mg/mleach actin gene were ubcloned into the plasmid Bluescript
heparin, 500 mg/ml yeast tRNA, 0.1% Tween 20. For-(KS/) (Stratagene). The LpC1 gene probe pLpA7D1(3 * ) in-
mamide inactivates the endogenous alkaline phosphatasecludes the 438-bp DraII fragment of the LpC1 cDNA clone
activity of the gut under the conditions used. After hybrid-beginning 243 nt distal to the stop codon as well as some
ization, embryos were washed with 60%, and then 30%,Bluescript vector sequence between the EcoRI and the DraII
hybridization solution in PBST and then PBST for 5 min atsites. The LpC2 gene probe pLpA5H(3 *) includes the 364-
room temperature. After two posthybridization washes inbp HincII±EcoRI fragment of the LpC2 cDNA clone begin-
21 SSC, 0.1% Tween 20 at 507C for 10 min, embryos werening 308 nt distal to the stop codon. Gene speci®c hybridiza-
incubated with 20 mg/ml RNaase A in 21 SSC (or 61 SSCtion probes for LpC3, LPC4, and LpM actin genes were
for AT-rich probes) for 30 min at 377C which eliminatesprepared by cloning products of PCR ampli®cation of
spurious binding of hybridization probe to pigment cells. Insequenced genomic DNA clones. The LpC3 gene probe
some cases, a ®nal posthybridization wash in 0.21 SSC atpLpD3(3* ) includes 264 bp immediately distal to the stop
507C for 10 min was done. The hybridized riboprobe wascodon. The LpC4 gene probe pLpB6(3* ) includes 443 bp im-
detected with an alkaline phosphatase immunoassay usingmediately distal to the stop codon. The LpM gene probe
NBT/BCIP substrate, according to the Boehringer-Mann-pLpA4(3* ) includes 316 bp which can be aligned with the
heim manual. Stained embryos were mounted in 50% glyc-3* UTR of the SpM actin gene of S. purpuratus, beginning
erol/PBST and observed with an Olympus AHBS3 photomi-83 nt distal to the stop codon.
croscope using bright-®eld or differential interference con-Hybridization probes for Northern blots were labeled
trast optics.with [32P]dCTP by random priming. Probes for whole mount
in situ hybridization were synthesized by in vitro transcrip-
tion using T3 or T7 polymerase in the presence of digoxy-
RESULTSgenin-UTP (Boehringer-Mannheim).
The L. pictus Actin Gene Family
Gel Blot Hybridization Assays Cloned cDNAs corresponding to the cytoskeletal actins
LpC1 and LpC2 were isolated from gastrula stage cDNACytoplasmic RNA was prepared by LiCl precipitation
from a 4 M urea solution and phenol/chloroform extraction libraries and sequenced. Partial sequences of several other
cDNA clones indicated that they all corresponded to eitheras described by Conlon et al. (1987). For each lane, 10 mg
RNA was heat fractionated by electrophoresis on denatur- LpC1 or LpC2 genes, which are the predominant actin genes
expressed in embryos. To clone the remaining L. pictusing formaldehyde agarose gels. Genomic DNA was prepared
from sperm of a single male according to Blin and Stafford actin genes, a genomic library was constructed and screeend
with LpC1 DNA. Genomic actin DNA clones were selected(1976) with modi®cations (Fang, 1994). For Southern blots,
10 mg DNA was restriction digested and separated by elec- which lacked LpC1 or LpC2 3 * noncoding sequence ele-
ments and fragments containing actin coding regions weretrophoresis. Blot hybridizations were performed according
to Sambrooke et al. (1989). Blot hybridizations were per- subcloned into Bluescript (KS/) for sequencing; these corre-
spond to LpC3, LpC4, and LpM actin genes.formed and washed at 657C in 0.033 M Na/ (0.21 SSC).
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FIG. 2. Southern blot analysis of the L. pictus actin gene family. Sperm DNA of individuals B and C digested with EcoRI was blotted
and hybridized with an actin gene coding sequence probe (a) or gene-speci®c 3* noncoding region probes (b±f). DNA fragments detected
by the coding region probe (a) are labeled for each corresponding actin gene and shown on the left of (a).
The 3* noncoding sequences of the LpC1 and LpC2 actin Temporal Pattern of Actin Gene Expression
cDNAs are shown aligned in Fig. 1a. With short gaps, the
An RNA gel blot hybridized with an actin coding se-two sequences are 89% identical. These 3* termini are also
quence probe shows the temporal expression of actin genesvery similar to that of the S. purpuratus SpCyI actin gene,
during embryogenesis and in ovaries and testes (Fig. 3a). Thewhich is conserved in several sea urchin species (Lee et al.,
major cytoplasmic actin transcripts detected range from to1984; Fang and Brandhorst, 1994; Wang et al., 1994). The
2.1 to 2.2 kb. There is very little actin mRNA stored in the3* noncoding regions of LpC3, LpC4 and LpM were partially
egg or present in embryos until after hatching. Actin mRNAsequenced and are shown in Figs. 1b±1d. These 3 * noncod-
begins to accumulate at the mesenchyme blastula stage.ing sequences of LpC3 and LpC4 showed little similarity
The prevalence of actin transcripts is much greater by theto any known sea urchin actin genes, while that of the LpM
late gastrula stage and is maintained at the pluteus stage.gene was 74% identical to the S. purpuratus muscle actin
At least two larger transcripts were also faintly detected,gene.
possibly due to leakage of nuclear transcripts.The number of actin genes in the L. pictus genome was
RNA gel blot hybridization with gene-speci®c probes forassessed by genomic Southern blot hybridization with an
the ®ve L. pictus actin genes indicate that all members ofactin coding sequence probe and with ®ve gene-speci®c
the actin gene family are expressed during embryogenesisprobes, as shown in Fig. 2. The probes for the LpC1 and
of L. pictus (Figs. 3b±3f). The LpC1 probe detected a 2.1-kbLpC2 actin genes cross-hybridized slightly. Each of the actin
actin mRNA barely detectable in eggs and hatched blastulaeDNA fragments detected with the coding sequence probe
which increased from mesenchyme blastula stage until plu-can be accounted for by one of gene-speci®c hybridization
teus stage (Fig. 3b). LpC1 RNA was easily detectable in theprobes. We conclude that each haploid L. pictus genome
adult testis and, to a lesser extent, the ovary. A similarcontains a single copy of each of the actin genes LpC1,
result has been observed for SpCyI actin mRNA (Shott etLpC2, LpC3, LpC4, and LpM, accounting for all of the actin
al., 1984).genes detected. Southern blot analyses of genomic DNA
The LpC2 probe hybridized predominantly to transcriptsclones have detected no close linkage of L. pictus actin
of 2.1 and 2.2 kb (Fig. 3c). Under the conditions utilized, thisgenes (Johnson et al., 1983; our unpublished results). In con-
probe also hybridized to two larger transcripts (indicated bytrast, the cytoskeletal actin genes of S. purpuratus are clus-
arrow heads in Fig. 3c). Initially a 2.1-kb transcript appears,tered into two linkage groups of related genes (Lee et al.,
1984; Akhurst et al., 1987; Minor et al., 1987). with the 2.2-kb LpC2 transcript appearing later at gastrula
FIG. 1. Sequences of 3* noncoding regions used for gene speci®c hybridization probes. (a) 681 nt of LpC1 and 672 nt of LpC2 actin cDNA
clones immediately distal to the stop codon are aligned. Dashes represent gaps introduced to optimize the alignment. (b±d) The 3*
noncoding sequences immediately distal to the stop codon are shown for LpC3 (b) and LpC4 (c) actin DNAs and a portion of the 3 *
noncoding sequence of LpM actin DNA (d) (see Materials and Methods).
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FIG. 3. Temporal patterns of actin transcript accumulation in embryos and in adult ovary and testis. RNA gel blots were hybridized
with riboprobes speci®c for the transcripts of (a) all actin genes; (b) the LpC1 actin gene; (c) the LpC2 actin gene; (d) the LpC3 actin gene;
(e) the LpC4 actin gene; and (f) the LpM actin gene. Total RNA for ovary (Ov) and testis (Ts) and cytoplasmic RNA from eggs (Eg), and
embryos at the stage of hatched blastula (hB), mesenchyme blastula (mB), late gastrula (lG), prism (Pr), and pluteus (Pl) were used.
stage. It is possible that the 2.1-kb transcript detected by Transcripts corresponding to the single muscle actin gene
LpM became detectable at the gastrula stage (Fig. 3f). Thethe LpC2 probe is due to cross-hybridization to the similar
terminus of LpC1 transcripts. However, the use of more prevalence of the LpM transcript increases dramatically at
the pluteus stage, when the esophageal contractile musclestringent wash conditions resulted in similar reduction of
hybridization to the entire range of transcripts hybridized band forms and feeding commences. LpM transcripts were
detected in ovary and testis samples. Transcripts corre-by the LpC2 probe. The limited extent of possible cross-
hybridization can be estimated by comparing the intensity sponding to the LpC2 (2.2 kb), LpC3, and LpC4 actin tran-
scripts were not detected in the ovary and testis RNA sam-of hybridization of LpC1 and LpC2 probes to testis RNA
(Figs. 3b and 3c). The broad range of transcripts hybridized ples.
by the LpC2 probe may be the result of differences in poly(A)
tract lengths. Sea urchin embryos are able to extend and
Spatial Pattern of Gene Expression of the Actinshorten poly(A) tracts on mRNA in the cytoplasm (Brand-
Gene Familyhorst and Bannet, 1978).
Figures 3b and 3c revealed that the LpC1 and LpC2 tran- The overall spatial distribution of actin mRNAs was exam-
ined by whole mount in situ hybridization with an actinscripts are the two most abundant actin mRNAs in em-
bryos; under the conditions used, the relative intensities coding sequence, which hybridizes to all actin mRNAs at the
stringency used. No actin RNA was detected in the hatchedprovided an indication of the relative prevalence the various
actin transcripts. Transcripts of the other two cytoskeletal blastula embryos (Fig. 2a), indicating the restricted sensitiv-
ity of the in situ hybridization assay in comparison with gelactin genes, LpC3 and LpC4, showed similar temporal pat-
terns of accumulation, but are always much less abundant blots. Actin RNA became easily detectable at the mesen-
chyme blastula stage when a disk of cells in the middle ofthan LpC1 and LpC2 mRNAs (Figs. 3d and 3e). Neither
LpC3 nor LpC4 transcripts were detected until the mesen- the vegetal plate was stained (Figs. 4b and 4c). Actin RNA
is con®ned to several cells at the tip of the invaginatingchyme blastula stage. The LpC3 and LpC4 transcripts in-
crease during gastrulation to a level maintained through the archenteron at the early gastrula stage (data not shown) and
remains in prospective secondary mesenchyme cells as theprefeeding pluteus stage. The LpC3 probe hybridized to two
transcripts of different size (indicated by arrowheads in Fig. archenteron elongates (Fig. 2d). Toward the end of gastrula-
tion, these stained cells appear to ingress from the tip of the1d). Since the sequence of the probe is quite different from
probes corresponding to the other actin genes, it is unlikely archenteron and migrate along the ectodermal wall (Fig. 4e).
No detectable actin mRNAs were found in the ingressedthat there is a cross-hybridization of this probe with other
actin transcripts. It is possible that the LpC3 transcript is primary mesenchyme cells before the completion of gastrula-
tion. Cells surrounding the vegetal plate of the early gastruladifferentially processed or polyadenylated.
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embryo were lightly stained; some may be ectoderm cells and pluteus stages (Figs. 4j±l). Scattered mesenchyme cells
were lightly stained in late gastrula and prism embryos(Fig. 4b). The staining of these cells was transient since it
quickly disappeared during gastrulation. By the end of gastru- (Figs. 4j and 4k). Some endodermal cells con®ned to the
stomach and intestine of pluteus embryos were lightlylation, there was a large increase in staining of actin mRNAs
in the aboral ectodermal cells and light staining of most parts stained as well. Since the LpC2 probe did not stain the
presumptive secondary mesenchyme cells of gastrula em-of the archenteron was observed (Fig. 4e). Some mesenchyme
cells, including primary and secondary mesenchyme cells, bryos which were heavily stained by the LpC1 probe, the
possibility that the staining of mesenchyme and endodermwere also stained in the late gastrula and prism embryos.
The aboral ectodermal cells, the differentiated gut and some cells is due to cross-hybridization to LpC1 transcripts is
ruled out. The LpC2 actin gene is thus predominantly ex-mesenchyme cells were heavily stained in plutei (Fig. 4f).
Actin mRNAs were detected in the oral ectoderm cells of pressed in the aboral ectodermal cells, with some apparent
expression in mesenchyme and endoderm cells.late gastrula, prism, and pluteus embryos, but at very low
levels. The overall pattern of total actin gene expression cor-
responds to the combined pattern of expression of each mem- The Spatial Patterns of LpC3 and LpC4 Geneber of the actin gene family described below.
Expression
The LpC3 and LpC4 transcripts are much less abundant
The Spatial Pattern of Expression of the LpC1 than the LpC1 and LpC2 transcripts (Figs. 5d and 5e). There-
Actin Gene fore, the histochemical staining step must be carried out
for a longer time, usually 5 to 6 hr instead of the 1.5 to 2The LpC1 mRNA became detectable in several cells at
the center of the vegetal plate at the mesenchyme blastula hr used with the LpC1 and LpC2 gene-speci®c probes. Some
mesenchyme cells, presumably secondary, were lightlystage (data not shown). During gastrulation, the LpC1 actin
gene is exclusively expressed in the cells located at the tip stained with the LpC3 riboprobe in late gastrula (Fig. 5a)
and pluteus (Fig. 5b) stage embryos.of the elongating archenteron, the prospective secondary
mesenchyme cells (Fig. 4g). Later in gastrulation, these The LpC4 actin gene is preferentially expressed in the
primary mesenchyme cells in L. pictus embryos at gastrulastained cells ingress from the tip of the archenteron to form
secondary mesenchyme (Fig. 4h). Some, maybe all, of them and pluteus stages (Figs. 5c and 5d). LpC4 actin transcripts
were ®rst detected in clusters of primary mesenchyme cellsmigrate along the ectodermal wall, then penetrate and are
retained within the ectodermal epithelium (Fig. 4i); these ventrolaterally located at the positions where the two aboral
arms will later protrude. More primary mesenchyme cellscells are presumably the pigment-forming secondary mes-
enchyme cells. The LpC1 actin gene is also expressed in were stained in plutei. Some cells embedded in the ectoder-
mal wall, presumably the pigment cells, were also lightlycells of other spatial territories (Fig. 4h). Endodermal cells,
especially those nearest the blastopore, begin to accumulate stained in the late gastrula embryo (Fig. 3c). Although LpC4
RNA can be detected by RNA gel blot hybridization at thethe LpC1 mRNAs during gastrulation. A few primary mes-
enchyme cells were heavily stained in gastrulae. Some heav- mesenchyme blastula stage (Fig. 3e), it was not detected
until gastrula by whole mount in situ hybridization. LpC4ily stained secondary mesenchyme cells were not embedded
in the ectodermal wall, but were scattered in the blastocoel. mRNAs may be present at low levels in many cells at mes-
enchyme blastula stage, making them dif®cult to detect.These cells probably belong to a subpopulation of secondary
mesenchyme cells, such as the blastocoelar mesenchyme
cells (Tamboline and Burke, 1992). It is not clear whether Expression of the Muscle Actin Gene LpMthese cells are included among those which were heavily
stained at the tip of the archenteron before their ingression; LpM mRNA was ®rst detected on RNA blots at the late
gastrula-prism stage (Fig. 3) and was present in several cellsalternatively, these cells may accumulate the LpC1 mRNA
shortly after their release from the archenteron. Most of the at the tip of the archenteron at prism stage (Fig. 5e). In
contrast to precursors of the pigment-forming cells whichlarge increase in prevalence of LpC1 RNA between prism
and pluteus stages is due to accumulation in the differenti- are also located at the tip of the archenteron earlier during
gastrulation and speci®cally express the LpC1 actin gene,ated gut, especially in the stomach and intestine (Fig. 4i).
Low levels of staining of ectodermal cells were also ob- the cells expressing the LpM actin gene belong to another
subpopulation of secondary mesenchyme cells, the precur-served in late gastrulae and thereafter (Figs. 4h and 4i).
sors of esophageal muscle cells. About 15 cells at the tip of
the archenteron were stained for LpM transcripts (Fig. 5e).
Predominant Expression of the LpC2 Actin Gene They became arranged at the edges of the evaginating coe-
in Aboral Ectoderm lomic pouch on either side of the tip of the archenteron.
Cells at the center of the tip of the archenteron, consistingAfter LpC1 mRNA, LpC2 mRNA is the most abundant
actin mRNA species expressed during the embryogenesis. of derivatives of the small micromeres, which also partici-
pate in the formation of the coelomic pouch, were notWhole mount in situ hybridizations indicate the LpC2 gene
is intensely expressed in the aboral ectoderm at the gastrula stained. At the pluteus stage, the gut differentiates into an
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FIG. 5. Localization of LpC3, LpC4, and LpM RNA. Whole mount in situ hybridization was performed with gene-speci®c probes. LpC3 RNA
was detected in secondary mesenchyme cells (sm) of late gastrulae (a) and plutei (b). LpC4 RNA was present in clusters of a primary mesenchyme
cells (pm) at late gastrula stage (c) and in more primary mesenchyme cells and as some secondary mesenchyme cells (arrows) at pluteus stage
(d). LpM RNA was present in esophageal muscle cells and their precursors at prism (e) and pluteus (f, g) stages. Scale bar, 10 mm.
FIG. 4. Spatial distribution of total actin, LpC1 actin, and LpC2 actin transcripts. Whole mount in situ hybridization was performed
with riboprobes. For a± f the probe was derived from the coding sequence of LpC1 which cross-hybridizes with all actin transcripts. (a)
Hatched blastula, (b, c) mesenchyme blastula, (d) late gastrula, (e) prism, and (f) pluteus stages. (g± i) LpC1 RNA; (j± l) LpC2 RNA. (g) Early
gastrula, (h, j) late gastrula, (i) early pluteus, (k) prism, (l) late pluteus; pm, primary mesenchyme cells; sm, secondary mesenchyme cells;
en, endoderm; ae, aboral ectoderm; oe, oral ectoderm. Scale bar, 10 mm. Small arrows indicate putative pigment cells.
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esophagus, a stomach, and intestine. The muscle cells move terns of LpC1 and SpCyI expression are different for the
most part.vegetally and inwardly from the outside edges of the coe-
lomic sacs to the site of esophagus and form contractile A putative orthologue of the SpCyI gene in the sea urchin
Tripneustes gratilla, the TgCyI actin gene, also displays abands surrounding the esophagus. LpM mRNA was always
detected in these muscle cells (Fig. 5f). Several esophageal pattern of expression substantially different from the SpCyI
actin gene, combining features of both SpCyI and SpCyIIIa/cells beneath the contractile band also showed light staining
with the LpM probe (Fig. 5f). The esophageal contractile b (Wang et al., 1994). A common feature of the SpCyI, LpC1,
and TgCyI actin genes is that all are expressed sequentiallyband was strongly stained in feeding larvae (Fig. 5g).
in several different spatial territories during development,
implying complex regulation. The 5* ¯anking sequence of
the TgCyI gene is very similar to that of the SpCyI geneDISCUSSION
promoter, suggesting that differences in spatial pattern of
expression result from differences in trans-acting regulatorsDivergent Patterns of Actin Gene Expression
(Wang et al., 1994), though there could be DNA sequence
differences at critical binding sites.Based on comparisons of sequences we have proposed that
at the time of divergence of the Strongylocentrodinae and LpC2, SpCyIIIa, and SpCyIIIb actins share distinctive
amino acid substitutions and they are all predominantlyToxopneustinae, an ancestral actin gene was present which
gave rise to the SpCyI lineage of genes which later tandemly synthesized in aboral ectodermal cells. The prevalence of
LpC2 transcripts increases considerably at the late gastruladuplicated to the form the SpCyII lineage of actin genes in
S. purpuratus; the same common ancestral gene probably stage. This temporal pattern of LpC2 gene expression is
similar to SpCyIIIb expression; by contrast, SpCyIIIagave rise to the lineage including LpC1 and LpC3 actin
genes in L. pictus (Fang and Brandhorst, 1994). A second mRNAs begin to accumulate prior to hatching (Shott et
al., 1984; Cox et al., 1986). Neither LpC2 nor SpCyIIIb iscommon ancestral actin gene probably gave rise to the LpC2
gene in L. pictus and a gene in S. purpuratus that later signi®cantly expressed in adult ovary and testis tissues
(Shott et al., 1984; and under Results), distinguishing themduplicated to form the closely linked and very similar SpCy-
IIIa and SpCyIIIb actin genes (Fang and Brandhorst, 1994). from the SpCyIIIa gene. The 3* UTR of the LpC2 gene is
77.5% similar to SpCyI gene of S. purpuratus, but there isComparison of the patterns of expression of the extant sets
of genes provides clues about the evolution of regulation of no obvious sequence similarity to the 3 * noncoding termini
of the SpCyIII genes, which are very similar to one another.spatial patterns of actin gene expression.
The expression of the LpC1 gene combines several fea- We have argued on the basis of conservation of coding
and noncoding sequences that SpCyI actin gene most resem-tures of expression of the SpCyI, SpCyIIa, and SpCyIIb actin
genes. Like SpCyIIa, LpC1 is expressed exclusively in the bles the common ancestral cytoskeletal actin gene in echi-
noids (Fang and Brandhorst, 1994). We suspect that the pat-presumptive secondary mesenchyme cells at the tip of the
archenteron in gastrulae and maintains its activity in these tern of SpCyI expression in all cells of the early blastula
of S. purpuratus (Cox et al., 1986) is primitive. The morecells for a period of time immediately following their migra-
tion from the archenteron (Cox et al., 1986). The LpC1 gene complex and restricted differential expression patterns of
extant cytoskeletal actin genes (including the SpCyI geneis subsequently expressed in ectoderm cells at very low
levels and in the gut at high levels later in development. in older embryos) among different sea urchin species are
the consequence of evolutionary divergence of the gene reg-This later expression of the LpC1 gene is similar to that of
the SpCyI and SpCyIIb actin genes, which have an indistin- ulatory systems made possible by gene duplication.
guishable pattern of expression at these stages (Cox et al.,
1986). However, the SpCyI gene is expressed in all cells of Regulation of Actin Gene Expression in Embryosthe early blastula, in the presumptive primary mesenchyme
cells prior to and immediately following their ingression, A SpCyI promoter/reporter fusion gene is properly regu-
lated in transgenic L. pictus embryos (Collura et al., 1992),and in the oral ectoderm cells of the pluteus larva (Cox et
al., 1986); these features are not found in the expression and nuclear extracts from L. pictus embryos include pro-
teins which bind to all known cis-acting elements of thepattern of the LpC1 gene in L. pictus embryos. There is very
little expression of any actin gene in the oral ectoderm of S. purpuratus SpCyI promoter (Ganster et al., 1992). This
indicates that trans-acting regulatory factors responsible forL. pictus embryos or prefeeding plutei.
Thus, the spatial regulation of the LpC1 gene does not the proper expression of the SpCyI gene are conserved in L.
pictus in spite of the divergence of patterns of SpCyI andexactly resemble that of any of the actin genes in S. purpu-
ratus or any combination thereof. The LpC1 and SpCyI ac- LpC1 actin gene expression. Characterization of the cis-
acting elements of the LpC1 actin gene and comparisontin genes are very similar to each other in DNA sequence
and may be orthologues: ®ve amino acid replacements in with those of the SpCyI gene may provide interesting in-
sight into how the divergent patterns of expression of thesethe deduced amino acid sequences, 96.3% nucleotide simi-
larity in the coding regions, and 81.9% similarity in the 3 * two genes has arisen.
The LpC2 and SpCyIIa,b genes display similar but distin-UTR (Fang and Brandhorst, 1994; Fig. 1a). The spatial pat-
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guishable patterns of expression. Echinoid genes having in- actin gene of S. purpuratus. However, unlike the SpM gene
which becomes active at the early pluteus stage (Shott etdistinguishable expression patterns can be controlled by dis-
tinct regulatory systems (Brandhorst and Klein, 1992). This al., 1984), the LpM actin gene is already expressed in the
late gastrula embryos of L. pictus before overt muscle differ-is true for the two SpCyIII actin genes: although they display
similar aboral ectoderm speci®c expression, SpCyIIIa and entiation.
SpCyIIIb have quite distinct 5* regulatory sequences (Theze
et al., 1990; Niemeyer and Flytzanis, 1993). The spatial pat-
Summarytern of SpCyIIIa expression is negatively regulated by the
elements P7II and P3A, which bind transcription factors All ®ve members of the L. pictus actin gene family are
(Hough-Evans et al., 1990; Franks et al., 1990; Calzone et differentially expressed during development of the embryo.
al., 1988, 1991; Hoog et al., 1991; Wang, 1995; Zeller et al., None of the members of the L. pictus actin gene family
1995). Previous observations of the ectopic expression of shows a pattern of expression identical to any actin gene of
SpCyIIIa promoter±reporter fusion genes in Lytechinus va- S. purpuratus, though the two cognate actin gene lineages
riegatus embryos (Franks et al., 1988), and the correct ex- show similarities in overall patterns of expression. The evo-
pression of the SpCyIIIa gene in reciprocal hybrid embryos lutionary processes and regulatory mechanisms responsible
generated between S. purpuratus and L. pictus (Bullock et for these differences are obscure, but comparative experi-
al., 1988, Nisson et al., 1989), suggest that at least one of mental investigations of actin gene regulation should help
the negative trans-acting factors is the product of zygotic to illuminate them.
gene activity and is missing in L. variegatus and L. pictus
embryos.
The expression of the SpCyI and M actin genes is also
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